ABSTRACT L-Ascorbic acid-l-11C and its oxidation product, dehydro-L-ascorbic acid, produced labeled oxalic acid in oxalateaccumulating plants such as spinach seedlings (Spinacia oleracea) and the detached leaves of woodsorrel (Oxalis stricta and 0. oregana), shamrock (Oxalis adenopylla), and begonia (Begonia evansiana). In 0. oregana, conversion occurred equally well in the presence or absenice of light. This relationship between L-ascorbic acid metabolisnm and oxalic acid formation must be given careful consideration in attempts to explain oxalic accumulation in plants.
Oxalic acid accumulates in certain species of plants such as spinach, woodsorrel, and begonia (6, 10, 12, 23, 24, 26) . Its formation has been attributed variously to carbohydrate metabolism, interconversions of components in the tricarboxylic acid cycle, glycolate metabolism, and pyruvate metabolism (23) . From a study of oxalic acid biosynthesis in Oxalis pes-caprae, Millerd et al. (22) concluded that glycolic and glyoxylic acids were immediate precursors, consistent with isocitratase-catalyzed formation of glyoxylic acid from isocitric acid. Chang and Beevers (9) found an enzyme in extracts of red beet roots and young spinach leaves that converted oxaloacetate to oxalate and acetate.
Recently, Wagner and Loewus (27) described the conversion of L-ascorbic acid-1-'4C to labeled oxalic acid in detached vegetative apices of the lemon geranium (Pelargonium crispum). This observation has been extended by the present study to oxalateaccumulating plants.
MATERIALS AND METHODS
Spinach seedlings (Spinacia oleracea, var. Bloomsdale) were grown under greenhouse conditions in a vermiculite-pearlite mixture. Twelve-day-old seedlings were detached from their roots and placed in vials containing the radioactive solution as described in earlier studies (27) Each sample was further putrified by sublimation of the free acid before counting (27) . Reduced L-ascorbic acid was recovered by ion exchange chromatography from the supernatant of the calcium oxalate step and analyzed by 2,6-dichlorophenolindophenol titration (27) . No attempts were made to characterize other labeled components.
The L-ascorbic acid (2.3 ,uCi/mg) used in this study had been repurified by ion exchange chromatography and recrystallization from glacial acetic acid. Dehydro-L-ascorbic acid-1-'4C was prepared from L-ascorbic acid-1-14C by oxidation with p-quinone (20) . Further treatment with alkali gave diketo-L-gulonate-1-14C. Unoxidized ascorbic acid or unhydrolyzed dehydroascorbic acid in these latter preparations was determined by TLC on polyamide (18) or on cellulose (28) .
RESULTS AND DISCUSSION Results are summarized in Table I . In each experiment, 15 to 20 seedlings or leaves, totaling about 1 to 2 g fresh weight, were distributed among 3 to 4 small glass vials, each containing 0.1 to 0.2 ml of radioactive solution. The ascorbic acid was supplied as a 0.1 % solution. Higher concentrations induced wilting (3). Fresh weight changes were slight and usually positive as detached seedlings or leaves metabolized the radioactive ascorbic acid. Oxalic acid, determined by weight as crude calcium oxalate, ranged from 1.3 to 1.8 mg/g fresh weight for spinach and from 13 to 25 mg/g for woodsorrel. In barley and spinach seedling experiments, 0.1 % oxalic acid was present in the tissue grinding medium to trap labeled oxalate. Values of radioactivity recovered as ascorbic acid in Table I refer only to reduced ascorbic acid as determined after ion exchange chromatography. In all experiments, the radioactive peak of ascorbic acid coincided exactly with the indophenol dye titration peak. 0 ,* All five species of oxalate accumulators showed a substantial conversion of L-ascorbic acid-1-'4C to labeled oxalic acid. In experiment 3, most of the labeled ascorbic acid was utilized and 47% of the soluble label, corresponding to 29% of the label supplied, appeared in oxalic acid. This amounted to a net synthesis Plant Physiol. Vol. 56, 1975 (1, 2, 4, 5, 7, 8, 11, 14, 15, 17) , that the path of oxalic acid formation from L-ascorbic acid proceeds through dehydro-Lascorbic acid, and possibly 2,3-diketo-L-gulonate. Whether this pathway also applies to oxalic acid formation in plants is uncertain. Unlike L-ascorbic acid-1-'4C and dehydro-L-ascorbic acid-1-'4C, 2,3-diketo-L-gulonic acid-1-14C was a poor precursor of labeled oxalic acid in spinach (experiment 18). Conversion of L-ascorbic acid to dehydro-L-ascorbic acid is reversible, but formation of 2, 3-diketo-L-gulonic acid occurs irreversibly. Which form of ascorbic acid, the reduced or the oxidized, is the most immediate precursor of oxalic acid is not discernible in these experiments, but it would seem from the diketo-L-gulonate result that the lactone ring is essential to oxalate formation. It has been suggested that oxalic acid is a by-product of sugar metabolism in plants (13, 22) . Tracer studies favor a process of L-ascorbic acid biosynthesis in plants in which the carbon chain sequence of D-glucose is conserved, i.e., carbons 1 through 6 of the sugar correspond to carbons 1 through 6 of L-ascorbic acid (19) . In the further metabolism of L-ascorbic acid, carbon 1 (and by inference, carbon 2) is converted to oxalic acid. Recent studies on the conversion of D-glucose-1-'4C and -6-14C to labeled oxalic acid in P. crispum and 0. oregana support this view (21) .
